Daphnia feeding studies have previously demonstrated increased grazing behaviour in response to the presence of food particles. However, it is not resolved whether these behavioural responses are due to chemosensation or another sensory modality as the particle size and electrical charge of algal cells could be confounding factors and may also play a role in finding food. This study has provided evidence on the role of chemosensation in grazing by exposing Daphnia magna to 20 L-isomer amino acids and monitoring changes in mandible rolling, a behaviour associated with feeding in Daphnia. This study has shown that D. magna increase feeding behaviour, i.e. mandible movements, when exposed to the L-isomers of the amino acids aspartate, cysteine, glutamate and glutamine. These results not only provide insight into Daphnia life history but also provide a tool for researchers to study Daphnia chemosensation.
the chemosensory neuron. Rieder (1987) described the structure of "so-called olfactory setae" on the first antennule in Daphnia magna; however, the few studies concerning chemosensation in Daphnia that have been conducted since then have been limited to investigating behavioural responses to predator scent (Tollrian, 1993; von Elert, Pohnert, 2000; Hunter and Pyle, 2004) . Daphnia are attracted to algae as food and reduce their swimming speeds in high concentrations of algae, presumably to stay in that pocket of food (vanGool, Ringelberg, 1996; Roozen and Lürling, 2001) . It is currently unknown whether chemosensation has a role in how Daphnia find food. Although chemosensation may play a role in food detection, other sensory modalities likely contribute, owing to documented reactions to the physical presence (suspended clay; Lari et al., 2017) , colour (green light; Young, 1974) and charge (negatively charged plastic; Gerritsen and Porter, 1982) associated with algae.
Both quality (i.e. quantity of organic compounds and carbon/nitrogen/phosphate ratio) and amount of available food affect different aspects of Daphnia biology, such as feeding rate (Lampert and Brendelberger, 1996; Kilham et al., 1997; Lari et al., 2017) , growth (Elser et al., 2001; Acharya et al., 2004) , longevity (Jacobs, 1961) , survival (Sundbom and Vrede, 1997) and reproduction (Sundbom and Vrede, 1997; Schulz and Sterner, 2000) . Therefore, the degree of success in finding high-quality food influences Daphnia population dynamics and consequently the efficiency of carbon transfer to higher trophic levels. Based on the current literature, it is believed that Daphnia feeding behaviour is predominantly regulated by the concentration and physical properties of suspended particles in the water (Smirnov, 2013) . However, Schatz and McCauley (2007) showed that both juvenile and adult Daphnia pulex can locate regions of high-quality food. Thus, we hypothesized that in addition to physical cues, Daphnia detect and use chemical cues, by means of their chemosensory system, to locate the most nutritious patches of food in the surrounding environment.
One way to determine whether Daphnia are responsive to chemosensory stimuli is to monitor their feeding behaviour in the presence or absence of a chemosensory food stimulus, such as an amino acid. Amino acids have previously been demonstrated to induce feeding behaviour in several aquatic vertebrates (e.g. Kasumyan and Morsi, 1996; Shamushaki et al., 2007) and planktonic invertebrate species (e.g. Price, 1988; DeMott and Moxter, 1991) , suggesting that Daphnia might also display feeding behaviour in response to amino acids if they have the chemosensory cells with corresponding ORs. Amino acids are colourless and readily dissolve in water, which avoids the potentially confounding factors of visual or mechanical stimuli. The negative electrical charge of some amino acids (i.e. aspartic acid and glutamic acid), however, might provoke a feeding response to amino acids, which can be controlled by testing responses to positively, negatively, or neutrally charged amino acids. Different species of algae have different amino acid profiles (Brown, 1991) . Because of their short gut, Daphnia might ingest and excrete algal cells before completely digesting them (Kersting, 1978) . During this process, a variety of organic chemicals including amino acids might be released to water. Daphnia that can detect and respond to amino acid profiles that correspond to their food would enjoy a selective advantage over those that cannot, by being more successful in finding food. Daphnia mandible movement is an indicator of active feeding, as the rate of mandible rolling to grind food inversely correlates with the gut retention time (Murtaugh, 1985) . Mandible rolling allows the animal to efficiently grind incoming food and other suspended particles that enter its mouth. In this study, we used mandible movement frequency to demonstrate a feeding response induced by the presence of amino acid chemosensory stimuli.
M E T H O D S

Daphnia magna culture
Daphnia magna came from a culture held successfully under lab conditions for more than 3 years as described in Lari et al. (2016) . Adults were kept at a density of 10 daphniids per L of reconstituted water with a pH of 8.5, alkalinity of 172 mg/L as CaCO 3 and a hardness of 90 mg/L as CaCO 3 at 20 ± 1°C with a 16:8 h light: dark cycle. Neonates (<24 h-old) from individuals more than 3-weeks-old were removed from the culture tanks and raised for 7 days prior to testing. The neonates were fed (Raphidocelis subcapitata, Chlorophyceae) at a final concentration of 6 × 10 6 cells/L daily for the first 6 days. On the seventh day, neonates received a 90% water change and were starved for 24 h before the chemosensory testing. Daphnia culture medium was used as a chemosensory control for all tests.
Amino acid response
Feeding behaviour was analysed using the bioassay described by Lari et al. (2017) . Briefly, an individual daphniid was attached to a needle by gently pressing the back of its carapace onto the shaft of a needle coated in petroleum jelly. The needle held the animal in place in an observation chamber (3.5-mL volume) filled with control water. A steady flow of water (4 mL/min) was gravity fed through the chamber to keep the oxygen concentration constant and to administer chemosensory cues (amino acid cue or control water blank), controlled via a valve switch. The response of D. magna to all 20 L-isomer standard amino acids (appear in the genetic code) was investigated (Table I) . A nominal 10 −4 M solution of each amino acid was prepared by dissolving a powder form (all from Sigma-Aldrich, USA) in Daphnia culture medium within 12 h of use and pH was adjusted at 8.5. The electric charge of amino acids in the solution was estimated and reported in Table I , based on the pK a of amino, carboxyl and R groups, using the Henderson-Hasselbalch equation.
A high-speed digital camera (FDK23UP1300, Imaging Source, Germany) with a macro zoom lens (0.3×~1× 1:45; MLM3X-MP, Computar Japan) was used to record mandible movements. Each daphniid was acclimated for 10 min prior to testing at 20°C with 1 mL/min water flow and 1000 lux. The video recording was started immediately after the acclimation period. The control water was delivered for the first 30 s of recording. Then, the flow switched to the amino acid cue or blank and recording continued for 6 consecutive periods of 30 s (total of 210 s recording). Videos were viewed at 30% speed using VLC media player (VideoLAN organization, France) and mandible rolling was then counted manually. This procedure was repeated for each of the 20 amino acids and the control water blank in a random order (n = 10 for each amino acid). In each trial, the specimen was only presented with a single amino acid, and daphniids were used in the experiment once.
Data analysis
All parametric assumptions were checked with a Shapiro-Wilk test for normality and a Bartlett test for homogeneity of variance. To determine the significance of the effect, a mixed model repeated measures ANOVA with a Dunnett's post hoc analysis was utilized to compare the pre-and six post-amino acid presentation groups. All statistics were analysed using IBM SPSS 24 software. Observed mean differences were considered to be statistically significant when P ≤ 0.05.
R E S U L T S
The results showed that the presence of amino acids affected mandible rolling in D. magna [F (3.7,657 .4) = 14.9, P < 0.001]; but the interaction between the presence and kind of amino acids was not significant [F (74.3,657 .4) = 1.1, P = 0.26]. In general, the response of daphniids to amino acid was significantly different from the control as early as 1 min, however, the earliest significant response to an individual amino acid was not observed earlier than 1.5 min. Of the 20 Lamino acids, five triggered a feeding response in D. magna (post hoc analysis presented in Table I ). Daphnia magna were stimulated by the addition of four amino acidsaspartate, cysteine, glutamate and glutamine (Table I ; Fig. 1 ). Mandible rolling on average increased when aspartate (62% from pre-exposure), cysteine (60%), glutamine (80%) or glutamate (50%) were presented to daphniids. Of the four amino acids that stimulated mandible rolling three (i.e. aspartate, cysteine and glutamate) were negatively charged, and one (i.e. glutamine) was neutral. Interestingly, D. magna displayed the highest response to the neutral amino acids. For the other groups including the blank, mandible rolling did not significantly increase. Although not statistically significant daphniids displayed a noticeable increase in mandible rolling in the presence of valine, threonine, tryptophan, tyrosine and phenylalanine at 75%, 38%, 35%, 43% and 34%, respectively. No amino acid significantly decreased mandible rolling rate.
D I S C U S S I O N
The increase in mandible rolling in the presence of four individual amino acids showed that D. magna could detect chemosensory food cues in the surrounding environment and use it to regulate their feeding behaviour (Table I) and potentially migrate toward high-quality food patches. Our results show that D. magna responds to both charged and non-charged amino acids in the absence of any particulate matter. These results indicate that feeding behaviour is not generated or regulated only by charge and/or concentration of particles in the surrounding water but must, in part, be driven by chemosensory input.
In our previous study, Lari et al. (2017) , D. magna displayed an~100% increase in mandible movement in response to the addition of food algae (R. subcapitata) to culture water. On the other hand, adding inorganic suspended particulate matter (clay) did not change the mandible rolling rate. In the present study, single amino acids increased D. magna mandible movement up to 80% (glutamine). Thus, it seems that the role of chemosensation in feeding behaviour might be even more significant than mechanosensation.
Mandibular movement rate is varied between species and is also influenced by the animal (e.g. age and weight) and environmental conditions (e.g. temperature, O 2 concentration and feeding regime) (reviewed in Smirnov, 2013) . In the absence of food particles, McMohan and Rigler (1963) reported~10 beat/min in D. magna whereas other researchers observed~4 and 5 times higher movement rate (~40 and~50 beat/min) in adult individuals (Watts and Young, 1980; Porter et al., 1982) . The variation in the mandible rolling between individuals is also high (Murtaugh, 1985; Ghadouani et al., 2004; Lari et al., 2017) . For instance, in a study on feeding behaviour of Daphnia pulicaria, the initial mandible rolling of five groups of daphniids showed a range between~70 and~120 beats/min (Ghadouani et al., 2004) . In the present study, the average mandible rolling changed from 28 to 72 beats/min. These differences created wide variance within and among groups and consequently statistical insignificance of changes in groups with high percentage changes, such as for valine and tyrosine with 75% and 43% increase, respectively.
Although it is shown that Cladocerans are capable of detecting various chemical cues, the exact place and structure of their chemosensory system are not well understood. In the only published study in this regard, to the best of our knowledge, Rieder (1987) describes the anatomy of nine sensory setae on the tip of the antennula (reduced first antenna) of D. magna as "socalled olfactory setae." However, the author stated that, "despite the lack of experimental evidence, the setae in the group of nine were assumed to be olfactory setae." No complementary study was conducted to determine the chemosensory role of these structures. The range of chemicals that are known (and possibly more to discover) to be detected by Daphnia suggests that it is highly unlikely that they are all being detected by only nine setae. Additionally, the structure that is described in this paper, more closely, resembles a tactile sensory structure than a chemosensory structure. Thus, it is possible that these setae, at least on their own, do not constitute the entire chemosensory system of Daphnia. The notion of the chemosensory system of cladocerans being located on the antennule comes from the fact that the chemosensory structures of their close relatives, copepods, are scattered on the first antennae (Bundy and Paffenhöfer, 1993; Lenz et al., 1996; Paffenhöfer, 1998) .
Daphnia are not selective in the quality of the food they ingest, as they ingest almost anything within a certain particle size, including clay (Kirk, 1991; Lari et al., 2017) , silver nanoparticles (Asghari et al., 2012) and toxic cyanobacteria (Kirk and Gilbert, 1992; DeMott, 2002) . However, the last two induce feeding inhibition at various extents in Daphnia. Copepods, on the other hand, seem to be more selective when it comes to food intake, as DeMott and Moxter (1991) demonstrated that copepods completely reject some taxa of cyanobacteria. A recent study by Meunier et al. (2015) showed Acartia tonsa could discriminate between variations of food algae (Rhodomonas salina) with different nitrogen/phosphate ratios. Thus, the chemosensory system of cladocerans might be less developed than that of copepods.
The amino acid content of different algal species has been analysed (Brown, 1991) . Glutamate and aspartate consistently seem to be the dominant amino acids among many algal species, comprising roughly 10% of the total amino acid content. As expected, glutamate and aspartate induced a large positive response, suggesting that amino acid detection is an adaptation for locating and responding to food. Both amino acids serve as chemosensory cues in a variety of other organisms such as the Persian sturgeon Acipenser persicus (Shamushaki et al., 2007) , sea star Odontaster validus (Kidawa, 2005) , the common carp Cyprinus carpio (Kasumyan and Morsi, 1996) , lobster Homarus americanus (Derby and Atema, 1982) , crayfish Procambarus clarkii (Corotto and O'Brien, 2002) , dinoflagellate Heterocapsa triquetra (Strom et al., 2007) and planktonic copepods Eurytemora herdmani, Acartia hudsonica, and Temora longicornis (Poulet and Ouellet, 1982; Gill and Poulet, 1988 Asterisks (*) denote significant differences between pre-and post exposures. Charge was approximated based on pH of test solutions. Change refers to the mean % difference ± 1 standard error between the pre-exposure group and the 30 s post-exposure group, the largest % difference from control.
The benefits of detecting the other two stimulating amino acids-cysteine and glutamine-on feeding behaviour are not as clear yet. Brown (1991) discovered that cysteine and glutamine were not common in algal species. However, these two amino acids have been shown to be associated with food by either being attractive in behavioural tests or associated with increased feeding behaviour in fish species such as cysteine in rainbow trout (Oncorhynchus mykiss; Hara, 2006) and the common carp (Kasumyan and Morsi, 1996) ; and glutamine 

in the common carp (Kasumyan and Morsi, 1996) , and the common minnow (Kasumyan and Marusov, 2003) . In a study on D. pulex, some dietary amino acids (arginine and histidine from a list of 10 amino acids) averted switching to sexual reproduction in deteriorated (i.e. overcrowded) environmental conditions (Koch et al., 2011) . Thus, in addition to finding high-quality food, Daphnia perceive amino acids as environmental signals to regulate their life cycle. The concentration of free amino acids is different from one freshwater body to another and it could display significant diel and annual fluctuation (Jørgensen, 1987) . The concentration of total free amino acids (TFAA) could be measured at nM to μM scales. Concentration variation might also be observed throughout the water column (reviewed in Tomas, 1997) . For instance, TFAA concentration in sediment pore water, air-water interface and midwater column was measured~30-58 μM,~4-9 μM and~-1-2 μM, respectively, in the period between October 1991 and August 1992 (Thomas and Eaton, 1996) . However, in the context of Daphnia chemosensory and feeding behaviour, local (i.e. surrounding few centimetres) concentration and the concentration gradient of chemicals are more important than the bulk concentration in the water body, as Daphnia direct their movement towards the higher concentrations of food cue (Lari et al., 2016) .
C O N C L U S I O N S
Amino acids are used as chemical food cues in chemosensory research (Hara, 2006) . In this study, amino acid chemosensation was demonstrated in Daphnia by an increase in feeding behaviour in response to five amino acids whereas previous studies suggested that only particle size and electric charge cause feeding behaviour changes in D. magna. Thus, our results suggest that chemicals in the surrounding environment might affect the regulation of feeding behaviour in Daphnia spp. by being a cue or, in the case of contaminants, by impairing the chemosensory system.
D A T A A R C H I V I N G
The data related to this paper will be deposited in University of Lethbridge repository.
